The construction and the parameters of a new-strain dependent empirical pseudopotentials method are described and provided, respectively. This method is shown to reproduce with a very high accuracy some observed unusual properties in various complex anion-mixed nitride alloys. This method is also used to predict and understand anomalous effects that remain to be experimentally discovered in GalylnyAsixNx quaternaries and GaAso.5-xPO.5-xN2x solid solutions.
INTRODUCTION
Anion-mixed nitride alloys exhibit very unusual properties. Examples of such anomalies are a large decrease of the band-gap when slightly increasing the nitrogen compositions [1] [2] [3] [4] [5] and a non-linear pressure behavior of the band-gap and exciton reduced masses in GaAs IxNx and Ga,1ylnyAsIxNx [6] [7] [8] [9] [10] . Other examples include the strong dependency of the optical bowing coefficient [3, 4] , of the interband transition intensities [11] and of the effective electronic mass with nitrogen composition [12] . Other unusual features are the huge dependency of their optical and electronic properties with nitrogen atomic arrangement [13] [14] [15] , as well as, the appearance of nitrogen impurity levels near the band edges in the dilute nitrogen impurity limit of Gal_ylnyASl-xPzNx+, solid solutions [16] [17] [18] . Many recent studies have proposed rather different mechanisms for the microscopic effects responsible for these anomalies [3, [6] [7] [8] [9] [18] [19] [20] [21] . One possible reason for the present lack of consensus among researchers is the unprecedented difficulty of theoretically mimicking the properties of these alloys. As a matter of fact, some approximations, such as the virtual crystal approximation (VCA) [22] , that can yield predictions in good agreement with measurements for conventional III-V alloys [11] are no longer valid in III-V-N solid solutions [11, 23] . Similarly, the accurate description of various phenomena in anion-mixed nitride alloys requires the use of supercells that are too large to be handled by conventional first-principles calculations [18] . One computational alternative to the VCA and first-principles approaches is the so-called empirical pseudopotentials method (EPM). However, the accuracy provided by this approach strongly depends on the analytical form and on the parameters used to derive the pseudopotentials, which explains why different EPM can lead to quite different quantitative properties [3, 9, 10, 18] . The goals of this article are (i) to describe in detail a new empirical pseudopotential method, (ii) to demonstrate that this method yields predictions in excellent agreement with measurements for various properties in complex anion-mixed nitride alloys, and (iii) to use this method to predict and understand effects that still remain to be experimentally discovered in III-V-N systems.
METHODS

Lar2e relaxed supercells
To model a zinc-blende alloy, we use N x N x N conventional cubic cells, where the integer N can range from 4 to 8 ---which corresponds to a number of atoms varying from 512 to 4096. For random solid solutions, the atoms are randomly distributed on their sublattice sites, while the atoms in ordered alloys are located as consistent with the atomic ordering. The valence force field (VFF) approach [24, 25] is then used to predict the relaxed atomic positions corresponding to the minimum strain energy. Specifically, we use the bondstretching (a) and bond-bending (P3) of Ref. [26] for GaN (cx=96 Reference [3] demonstrates that the VFF approach yields a good agreement with firstprinciples results for the internal atomic coordinates of anion-mixed nitride alloys.
Strain-dependent empirical pseudopotentials
Having obtained a relaxed configuration of a large, periodic unit cell, we compute its band structure by using the strain-dependent empirical pseudopotential approach proposed in Ref. [10] . The crystal potential V(r) is written as a superposition of atomic pseudopotentials v7 (r ), where y= Ga, In, N, P or As. For the As, P or N anions, the Fourier transform of vy (r) is given by:
where the m integers range from I to 4.
For the Ga or In cations, the analytical expression of v. (q) becomes more complicated:
where the first sum runs over the different kinds of anions (e.g., A = As, P and N) nearest neighbors of the *ycation in the alloy, 'y (A)' denotes a 7,cation bonding with an anion A and n(y-A) is the number of type A anions that are nearest neighbors of this 7,cation. Furthermore, Tr denotes the trace operator and cna is the macroscopic strain induced by an external stress, e.g., applying a hydrostatic pressure P to the alloy leads to:
Tr(ema) = 3 (a(P)-a(P=O))/a(P=O), where a(P) and a(P=0) are the alloy lattice constants associated with the pressure P and at equilibrium, respectively. XN is the nitrogen composition in the alloy, and the last sum runs over the different j atoms of type A which are nearest neighbors of the y cation. Emi(Y-Aj) is the microscopic strain induced by alloying, e.g., for an alloy at its equilibrium lattice constant, we have:
where I R.(y-Aj )I (respectively, I Ry(7-Aj)I andI Rz(y-Aj) I ) is the absolute value of the x-(respectively, y-and z-) component of the vector position joining the y atom to the Aj anion in the alloy. do(yA) is the corresponding equilibrium Cartesian component in the pure zinc-blende yA binary.
One can note that, unlike in Refs [3, 9, 18] , the contribution of both the macroscopic and the microscopic strain is taken into account for the generation of the pseudopotentials.
The strain-unrelated parameters of Eqs. (1) and (2), i.e. the fQy, amy, bray and cmy coefficients, are fitted carefully to ab-initio band structures and to the experimental bandgaps of the corresponding yA binaries at their equilibrium lattice constants ao (with a, =8.523, 10.300, 10.6826, 9.4108, 11.0105 and 11.444 Bohr for GaN, GaP, GaAs, InN, InP and InAs, respectively), and are given in Table I and Table II , respectively. Some of these coefficients were already given in Ref. [3] and references therein. The coefficients dma(y(A)) in Eq. (2) are fitted to reproduce the local density approximations (LDA) deformations potentials of both the valence band maximum and conduction band minimum of the pure zinc-blende yA binary [27] . On the other hand, the parameters fmj(y(A)) and gmi(y(A)) are fitted to reproduce alloy quantities, namely the experimental bowing coefficient of Ga(Asi-xN x) with x--0.004 (see Refs [4] [5] and references therein), In(PI.xNx) with x=0.004 [28] and (Gal.ylny)N with y --0.1 [29] [30] , as well as the arsenic-impurity level observed in the GaN:As system [31] . The parameters that are strain-related and that enter Eq(2) are given in Table III . Plane-wave expansion and folded spectrum method
The electronic eigenfunctions of the Hamiltonian given by the sum of the kinetic energy and the empirical pseudopotentials are developed in a plane-wave basis with a kinetic energy cutoff denoted by Gmiax. Due to the large difference in equilibrium lattice constant between the end-member binaries, Gmax is chosen to be dependent on the volume of the system under investigation. More precisely, Gmax should correspond to 59 plane waves at the F point per 2-atoms zinc-blende cell. As a result, systems exhibiting an equilibrium volume per 2 atoms identical to the one of pure GaAs are associated with a Gmax of 5 Ry while the kinetic energy cutoff is 7.87 Ry in compounds having the equilibrium volume per 2 atoms of zinc-blende GaN. Note that the parameters displayed in Tables I-III were fitted using this volume-dependent kinetic energy cutoff. The eigenfunctions and eigenvalues of the Schrodinger equation for the large supercells are determined by using the so-called folded spectrum method [32] . This numerical technique is a method scaling linearly with the number of atoms in the supercell, and producing single-particle eigensolutions in a given energy window.
RESULTS
Accuracy of the strain-dependent empirical pseudopotentials
In this section, we will demonstrate the accuracy provided by our numerical scheme.
With the exception of the band-gap of GaAsp-xNx with x=0.4% and epitaxially grown on GaAs, all the results to be shown were not included in the fitting of the EPM parameters. The first test is displayed in Table IV and consists in comparing our calculations with low-temperature measurements for the band-gaps of disordered Ga.yInyAst-xNx quaternaries that are perfectly lattice-matched to either a GaAs or InP substrate. Because of this perfect lattice-match, the microscopic strain Cmi is the only strain turned on in the generation of the pseudopotentials in Eq. (2). Table IV indeed reveals the high accuracy offered by the strain-dependent EPM described above. In particular, one can notice that the difference between predictions and measurements does not exceed 0.03 eV for a range of band-gap as large as 0.9 eV. The second test is indicated in Fig. 1 , which displays the comparison between our predictions and available experimental data for the compositional behavior of the bandgap of random GaAsi-,Nx ternaries epitaxially grown on a GaAs substrate. In such a case, both the macroscopic Fma and microscopic Eri strains appearing in Eq (2) are activated because of the epitaxial conditions and alloying, respectively. Figure 1 also shows the predictions of the empirical pseudopotentials when all the strain-related coefficients of Table III have been turned off. In this figure, our calculated T=OK bandgaps have been shifted downward, by using the temperature-dependency measured in Ref. [34] , to compare our predictions with the recent room-temperature experiments of Refs. [5, 35, 36] . Figure I reveals an excellent agreement between the present straindependent EPM theory and measurements, and clearly demonstrates that the contribution of both the macroscopic and the microscopic strains to the empirical pseudopotentials drastically improves the accuracy of the calculations for anion-mixed nitrogen systems. The result of the third test is reported in Figure 2 , which shows our predictions and a lowtemperature measurement [7] for the pressure-dependency of the band-gap in the random Gal-ylnyAsljxNx quaternary, with (y,x)=(0.07, 0.0023). Here, both macroscopic and microscopic strains are taken into account in Eq (2) because of the pressure and alloying, respectively. The calculations are corrected by multiplying the pressure-induced alloy band-gap shift by a constant number ---equal to 1.2885. This number is fitted to exactly reproduce the experimental hydrostatic deformation potential in zinc-blende GaAs. Our numerical results are once again in good agreement with measurements. In particular, one '4 can notice that the unusual non-linear pressure behavior of the band-gap is rather well reproduced up to 60Kbar.
The next step consists in identifying the energy of the nitrogen impurity level which is usually denoted al(N) [9, 18, 21] and which is resonant inside the conduction band of nitrogen-dilute GaAsl-xNx alloys. Such identification is realized by interpolating our results for one nitrogen atom inside a 1728 atoms-cell and inside a 4096 atoms-cell.
1.5
Theory: strain-dependent EPM S Experiment: Ref. Figure 2 . Comparison between our strain-dependent empirical pseudopotentials calculations and the experiment of Ref. [7] for the pressure-behavior of the band-gap in GalylnyAsl-xNx quatemaries with (y,x)=(0.07, 0.023). al(N) is found to be located 250 meV above the (CBM) Fi, level (or equivalently, 36 meV below the LI, state) of GaAs, which is in excellent agreement with the experimental estimations of 300 meV above F1c [37] and 30 meV below Lj, [38] , as well as with the LDA calculations of Ref. [21] yielding 280 meV above 1 1c.
The last test of this subsection is the prediction of the energy of the deep-gap impurity level occurring when adding a small amount of nitrogen to the Ga(Aso. 5 P 0 .5) alloy. This energy is found by linearly interpolating up to a null nitrogen composition the impurity levels predicted by our strain-dependent EPM for a nitrogen composition of 0.00116 and of 0.002. Such interpolation yields a nitrogen-impurity level located 115 meV below the conduction band-minimum of Ga(ASO. 5 Po. 5 ) alloy, which is in good agreement with the experimental value of 130 meV [16] .
Prediction of anomalies in anion-mixed nitride alloys
The aim of this section is to review and to provide an explanation for the anomalies that were recently predicted to occur in anion-mixed nitrides, by using the present EPM [10, 14, 17] . Most of these anomalies remain to be experimentally discovered.
Predictions for (GaIn)(AsN) alloys:
Ref.
[10] predicted that the band-gap of the random Ga IylnyAs IxNx quaternaries latticematched to a GaAs or InP substrate strongly decreases when increasing the nitrogen composition (Note that this increase of nitrogen concentration was accompanied by a simultaneous increase in the indium composition in order to keep a perfect lattice-match to the substrate). As a result, the band-gap of both lattice-matched Gal.ylnyAsl-xNx systems crosses important technological spectral regions, namely the ones desired for optoelectonics, for solar cell applications, for designing new infrared devices and even for generating terahertz wavelengths [10] . Moreover, Ref. [10] further indicated that the band-gaps of both lattice-matched quaternaries even close for large enough nitrogen composition (namely, for x=0.12 for the lnP-lattice matched quaternaries versus x--0.20 for the Galy~lnyAsixN, alloys lattice matched to GaAs). In other words, these straindependent EPM calculations predict that it is possible to create a metallic system by mixing four semiconductors (namely, GaAs, InAs, GaN and InN)! They also demonstrate that the common empirical rule that there is a one-by-one correspondence between the value of the lattice constant and the value of the band-gap in semiconductors is completely invalid in anion-mixed nitride alloys.
Another recent article focused on the effect of atomic ordering on optical and electronic properties of the GaAs-lattice matched Gal-yinyAsj-.Nx solid solutions with a indium and nitrogen composition of 5% and 1.6%, respectively [14] . Three different samples were generated. The first configuration mimicks the random Gao. 9 Ino.05AsO.984No.o16 system. The second selected sample corresponds to the formation of one-dimensional nitrogen chains along the [001] cubic direction, such as each nitrogen atom has two other nitrogen Table V . Band-gap of differently atomically-ordered Gao. 9 5Ino.osAso. 9 atoms as second neighbors in the anion sublattice. The last chosen configuration also exhibits one-dimensional nitrogen chains but for which each nitrogen atom has now two other nitrogen atoms as fourth neighbors in the anion sublattice. The resulting direction of this chain is thus along the [110] direction. This peculiar atomic ordering was chosen because the nitrogen chains can be perceived as a bridge between the case of N-N pairs in GaAs and the case of more concentrated nitrogen alloys. Moreover, we decided to specifically choose the [100] and [110] directions as directions for the one-dimensional nitrogen chains because the formation of second neighbor N-N pair in GaAs is known to slightly increase the band-gap with respect to random Ga(As,N) alloys, while fourth neighbor N-N pair significantly decreases that band-gap [13] . We thus expected that the one-dimensional nitrogen chains formed along the [100] direction may affect the properties of (Ga,In)(As,N) quaternaries in an opposite way (with respect to the case of the disordered alloy) than the [110] nitrogen chains. Table V indeed reports that the bandgap of the ordered material exhibiting nitrogen chains arranged along the [110] direction is smaller (by 0.15 eV) than the band-gap of the random alloy, while the sample with one-dimensional nitrogen chains formed along the [100] direction has a band-gap larger by 0.06 eV than the band-gap of the disordered alloy. This variation of the band-gap with atomic ordering is quite remarkable, especially when realizing that the nitrogen composition of these alloys is as small as 1.6%.
Another finding reported in Ref. [14] is the correlation between the value of the bandgaps displayed in Table V and the wavefunction localization of the conduction bandminimum (CBM) in these alloys. In the calculations, smaller band-gaps were found to correspond to stronger localization of the alloy CBM electronic state around the nitrogen atoms.
A simple model was further proposed in Ref. [14] to provide a qualitative explanation for the anomalies indicated above. This model is based on the perturbation theory at the second-order in energy (and equivalently to the first-order in wavefunction), i.e. one can write the CBM energy ECBM of the Gal-yInyAslxNx alloy as: ECBM = Er,ý+ < Dr,c I 5V IDT,,c> + I k ( <OF,c I 8V Iqk,c >2 / (Erc-Ek,c)),
while the alloy CBM wavefunction YCf'M is given by
where cDrx (respectively, Er,,) and elk,. (respectively, Ek,c) are the conduction states (respectively, energies) of the appropriate nitrogen-lacking system, at F and at off-centers k-points, respectively. The nitrogen-lacking system is zinc-blende GaAs in the case of the Gal-ylnyAslxNx alloys lattice-matched to GaAs while it is the Gao. 47 1no. 53 As alloy for the InP-lattice-matched Gax_yInyAslNx solid solutions. Note that the difference in energy Er,c -Ek,c is negative for any off-center k-points since the CBM of both GaAs and Gao. 47 Ino. 53 As materials occurs at the I" point. 8V is the difference of potentials between the nitride quaternaries and the nitrogen-lacking system, while cX is a normalization coefficient. Ref. [14] proposes that the large band-gap redshift occurring when inserting nitrogen atoms into the Gai.ylnyAs alloy is imputable to (at least) two different effects.
First, the first-order perturbative term in Eq. (4) (i.e., the <01-,c I 8V I4Dr,c> element) strongly shifts the energy of the alloy CBM towards the energy of the alloy valenceband-maximum. We numerically found that this first effect contributes 60% of the decrease of the band-gap of the random Gao.951no.osAs0.984No.016 alloy with respect to the band-gap of pure zinc-blende GaAs. Such a first-order term, which only involves the F point and the nitrogen-induced change in potential, has been overlooked in the previous studies, to our knowledge. The second effect is derived from the second-order term of Eq (4) and is therefore a manifestation of nitrogen-induced quantum coupling between different electronic states of the nitrogen-lacking system. In agreement with some recent studies [7, 9, 21] , the most quantitatively important quantum couplings were found to occur between the F and L-points and between the F and X-points [10, 14] . (Note that the effects proposed in Refs [6, 9, 20, 21] and involving nitrogen impurity levels may also play a role in the decrease of the band-gap, especially for very small nitrogen concentrations). Interestingly, atomic ordering in Gal-ylnyAsl.xNx alloys does not affect the first-order perturbative term of Eq (4) but rather significantly changes the <(r ,, I 8V Iok,. > electronic coupling elements. In particular, it was found that some specific electronic coupling can be turned on and off with atomic arrangement. As it can be seen by looking at Eq. (5), the atomic-ordering dependency of <(bi,• I 8V I•k, > also provides a "'natural" explanation for the predicted change of localization of the alloy CBM state with nitrogen atomic arrangement. Note that a recent study [15] , also using the present strain-dependent empirical pseudopotential technique, demonstrated that short-range atomic ordering in Gal.,lnyAsl.-N. affects the coupling between the Fand L-points, which is consistent with our findings.
Predictions for Ga(As,P,N) alloys: GaAs0.5-xPo.5-xN 2 x alloy differentiates itself from the GalyInyAstNx solid solution by two main features. First of all, it contains three different anions rather than two, which constitutes an additional computational difficulty. Secondly and more importantly, inserting a very small amount of nitrogen into GaAso. 5 Po. 5 leads to a deep impurity level located below the conduction band-minimum of GaAs 0 . 5 P 0 . 5 , i.e. the lowest unoccupied state of dilute GaAso.5.xPo.5-xN2x is localized around the nitrogen atoms [161. On the other hand, the nitrogen impurity level occurring in Gal~yinyAs:.xN, alloy, with very small x, is resonant inside the conduction band of Gal.yInyAs [16] . The aim of Ref. [17] was to follow and understand the evolution of the character and energy position of the lowest unoccupied state in GaAs.. 5 -,Po. 5 -xN 2 x when incorporating more and more nitrogen atoms. It was found that the evolution of this state is highly unusual. More precisely, as nitrogen is added, this lowest unoccupied state gradually evolves from an impurity localized level to a delocalized Bloch-like state. This evolution occurs over a very narrow nitrogen composition window centered around 0.4%. In other words, adding a very small amount of nitrogen drastically changes the character of the lowest unoccupied state of GaAs0.5-,Po. 5 -,N 2 ,. This change of character is due to two different and simultaneous quantum-mechanical processes. The first process is an anticrossing between the nitrogen impurity level existing in the dilute alloy limit (for which x goes to zero) and the F conduction state of the nitrogen-lacking GaAso. 5 Po. 5 system. The second process is a repulsion between the deep-gap nitrogen levels that results in the formation of a nitrogen subband. One direct consequence of these double processes is that the difference in energy between the lowest unoccupied and the highest occupied levels of GaAso.5-xP0.5-xN2x strongly decreases when increasing the nitrogen concentration. As a matter of fact, incorporating only I % of nitrogen into GaAs 0 . 5 Po. 5 leads to a difference in energy of 1.8 eV, i.e. around 300 meV smaller than the band-gap of GaAs 0 . 5 P 0 5 .
CONCLUSIONS
This article demonstrates that many highly unusual properties of various anion-mixed nitride alloys (including GaAsl-,N, ternaries, GalylnyAsl-xNx quaternaries and systems exhibiting three different anions such as GaAso. 5 -Po. 5 -N 2 x) can be accurately reproduced by using a new strain-dependent empirical pseudopotential method. The details of the construction of this method, as well as its parameters, are provided for the first time. Finally, this new method was used to predict and understand other anomalies, such as (i) a closing of the band-gap in GalylnyAsl-xNx quaternaries lattice-matched to GaAs or InP substrate, (ii) a drastic change of character of the lowest unoccupied state of GaAs 0 .5_ xPO.5-xN2x and (iii) the strong-dependency of anion-mixed nitrides' properties with the nitrogen atomic arrangement. These anomalies, which were qualitatively explained via some simple quantum mechanical effects, remain to be experimentally observed.
